T
he glycopeptide family antibiotic vancomycin is a front-line therapy for the treatment of problematic bacterial infections, particularly those caused by methicillin-resistant Staphylococcus aureus (MRSA). Vancomycin inhibits bacterial cell wall biosynthesis by binding to the D-alanyl-D-alanine (D-Ala-D-Ala) terminus of lipid-attached peptidoglycan (PG) precursors, blocking formation of the mature PG that gives the cell wall its rigidity (1) (Fig. 1) . The spread of resistance to glycopeptide antibiotics through bacterial populations is an acute public health issue, as highlighted by the emergence of vancomycin-resistant MRSA (VRSA) in hospitals (2) . The first clinical isolates of vancomycinresistant infections emerged in enterococcal strains in the mid1980s and were shown to result from the replacement of the DAla-D-Ala dipeptide terminus of cell wall PG precursors by D-alanyl-D-lactate (D-Ala-D-Lac), which reduces the affinity of vancomycin binding by ϳ1,000-fold. This alteration in cell wall biosynthesis requires the expression of at least three genes, van-HAX, which are transcribed as a single polycistronic message that is usually dependent on a VanRS two-component regulatory system. The genes encoding VanR, a response regulator, and VanS, a sensor kinase, are themselves transcribed as a single transcription unit and are typically located adjacent to vanHAX on the chromosome. The total numbers and types of genes present in such vancomycin resistance clusters can vary, but the majority contain vanSRHAX as their core components (3) (4) (5) .
Vancomycin resistance gene clusters were first found either associated with glycopeptide biosynthetic gene clusters in antibiotic-producing bacteria or as part of transferrable multiple-drugresistance islands in pathogenic bacteria. However, the explosion in microbial genome sequencing facilitated by recent advances in sequencing technologies has revealed the presence of these genes in many more bacterial sources, interestingly also including many nonpathogenic or non-glycopeptide-producing species (6) . This type of organism offers a safe and convenient system for the in vivo study of important aspects of vancomycin resistance, as exemplified by recent work using Streptomyces coelicolor (7) (8) (9) (10) . S. coelicolor serves as the model species for Streptomyces, a genus of Gram-positive, mycelial soil bacteria responsible for the production of two-thirds of the commercially important antibiotics. It does not synthesize any glycopeptide antibiotic, but it does possess a cluster of seven genes, vanRSJKHAX, that confer inducible resistance to vancomycin ( Fig. 1) (7, 8) . On exposure to vancomycin in S. coelicolor, VanS activity switches from being a phosphatase to a kinase, and the resulting accumulation of phospho-VanR activates transcription from van promoters and induces vancomycin resistance. In the absence of drug, however, the constitutive phosphorylation of the response regulator VanR mediated by the small-molecule phosphodonor acetyl phosphate is suppressed by the phosphatase activity of VanS (9) . Deletion of VanS therefore results in constitutive expression of the van genes in S. coelicolor, consistent with VanS functioning to negatively regulate VanR activity in the absence of antibiotic.
One of the most important questions yet to be answered in the study of vancomycin resistance is the nature of the specific ligand recognized by the VanS sensor protein. Two distinct models have been proposed: (i) direct induction, in which the sensor kinase is activated by direct binding of antibiotic to the sensor domain; and (ii) indirect induction, in which the sensor kinase is activated by binding a cell wall metabolite that is either intermediate in cell wall biosynthesis or accumulates as a result of antibiotic action (11) . These models are, however, not mutually exclusive, since an intermediate possibility exists whereby VanS is induced by the glycopeptide antibiotic when it is bound to a D-Ala-D-Ala-containing cell wall metabolite. A significant amount of effort has been put into studying the different VanR-VanS two-component systems in clinical isolates of enterococcal strains, but the exact nature of the direct molecular ligand that activates VanS has remained elusive. VanA-type enterococci are resistant to both vancomycin and teicoplanin, and VanS in these strains has been shown to be responsive not only to these two drugs but also to some nonglycopeptide cell wall-specific antibiotics such as moenomycin (4, (12) (13) (14) (15) (16) (17) (18) (19) (20) . This is supportive of the indirect induction model since it is considered unlikely that the VanS sensor domain could recognize such structurally unrelated antibiotics. In contrast, however, experiments analyzing the activity of VanS in VanB-type strains which are resistant to vancomycin but not teicoplanin have been supportive of the direct induction model. Only glycopeptide antibiotics structurally related to vancomycin were capable of inducing VanB-type VanS, while all the nonglycopeptide antibiotics tested failed to act as inducers (21, 22) . S. coelicolor M600 is resistant to vancomycin but susceptible to teicoplanin, similar to VanB-type enterococci. There have been several attempts to elucidate the nature of the direct ligand sensed by the S. coelicolor VanS sensor protein. In previous work, a range of antibiotics were tested for their ability to induce the VanR-VanS system in S. coelicolor using bioassay systems (8, 9) . The inducers identified are all structurally closely related glycopeptide antibiotics (including vancomycin, chloroeremomycin, ristocetin, A47934, and balhimycin), suggesting that S. coelicolor VanS interacts directly with glycopeptide antibiotics. In addition, Koteva et al. (10) recently showed that a van-comycin photoaffinity probe directly binds to S. coelicolor VanS and that this binding is required for the expression of the van genes and for resistance to vancomycin. These observations strongly favor the direct induction mechanism over the indirect one, but since the membrane protein preparations used may still contain cell wall precursors, such as lipid II, they do not exclude a requirement for binding as a vancomycin-cell wall metabolite complex. In this study, we use the van cluster in S. coelicolor as a model for the VanB resistance system and present the first in vivo evidence that vancomycin requires binding to the D-Ala-D-Ala termini of cell wall PG precursors to be perceived by the VanS sensor protein.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, and chemicals. All E. coli and S. coelicolor strains, plasmids, and oligonucleotides used in this study are described in Table S1 in the supplemental material (23, 24) . To bypass the methyl-specific restriction system of S. coelicolor, cosmid and plasmid DNAs were introduced by transformation into the dam dcm hsdS Escherichia coli strain ET12567 containing the driver plasmid pUZ8002. Conjugal transfer of unmethylated cosmid or plasmid DNA between E. coli ET12567 and S. coelicolor was carried out as described by Kieser et al. (25) . Desleucyl vancomycin was a kind gift from Daniel Kahne. Other antibiotics and chemicals used for this study were purchased from Sigma-Aldrich.
RNA preparation. RNA was prepared from NMMP liquid cultures according to the method described previously (9, 25) . Spores of S. coelicolor strains were germinated by heat shock treatment in TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] buffer and incubated in double-strength germination medium at 37°C for 3 h. Germinated spores were then inoculated and grown to mid-log phase in NMMP at 30°C. Immediately after the first sample was taken, inducer antibiotic was added to the culture broth, and samples were taken in appropriate subsequent time intervals. For RNA preparation, the cell pellet was resuspended in 1 ml of ice-cold Kirby mix (25) , sonicated twice for 4 to 5 s each, and then extracted with 0.8 ml of phenol-chloroform (pH 8.0) by vortexing. Samples were reextracted with phenol-chloroform (pH 8.0), and nucleic acids were precipitated at Ϫ20°C using 0.3 M sodium acetate (pH 6.0) and an equal volume of isopropanol. After centrifugation, the nucleic acid pellet was washed with 70% ethanol, dissolved in DNase I buffer (27) , and then treated with 5 U of DNase I at 37°C for 30 min. Samples were extracted with phenol-chloroform (pH 8.0) and precipitated again as described above. After centrifugation, RNA pellets were dissolved in RNasefree distilled water and stored at Ϫ80°C. S1 nuclease protection assay. The vanH and sigE probes for S1 nuclease protection analysis were generated by PCR from S. coelicolor M600 chromosomal DNA using a [␥-
32 P]ATP-labeled (3,000 Ci/mmol) 5=-end oligonucleotide internal to each gene and an unlabeled upstream primer as described previously (7, 9, 25, 28) . Primer pair vanH S1 FOR and vanH S1 REV produced a 270-bp vanH probe, while a 400-bp sigE probe was generated using primers G1680 and G1681 (28) (see Table S1 in the supplemental material) (23, 24) . For all assays, 30 g of RNA and 25 pmol of labeled probe were dissolved in 20 l of Na trichloroacetic acid (TCA) buffer and hybridized together at 45°C overnight after initial denaturation at 65°C for 15 min. Digestion with S1 nuclease at 37°C for 45 min was followed by PAGE analysis of the protected fragment as described previously (29) .
qRT-PCR. The modified procedure for quantitative real-time PCR (qRT-PCR) analysis was performed according to Hesketh et al. (30, 31) . Primers for qRT-PCR analysis of vanH and vanK transcription (assigned names beginning with q in Table S1 ) (23, 24) were designed using Primer3 (http://frodo.wi.mit.edu/). Aliquots of total RNA (2.5 g) were subjected to RNase-free DNase I treatment (amplification grade; Invitrogen) in a 20-l reaction volume, and 8 l of the digest was used directly in a 20-l cDNA synthesis reaction using Superscript III first strand synthesis supermix (Invitrogen). PCR cycling was carried out as described by Hesketh et al. (31) . After RNase H treatment, the samples were diluted 100 times in DNase-free distilled water, and 2.5-l aliquots subjected to qRT-PCR analysis in 25-l reaction volumes comprising 12.5 l of SYBR GreenER quantitative PCR (qPCR) supermix (Invitrogen), 200 nM forward and reverse primers, 4.8% dimethyl sulfoxide (DMSO), and 250 nM ROX. qRT-PCR cycling was performed in a 7300 real-time PCR system (Applied Biosystems) at 50°C for 2 min and 95°C for 10 min, followed by 30 cycles of 95°C for 15 s and 57°C for 1 min. Parallel reactions were performed in the same 96-well plate using different dilutions of genomic DNA to generate a standard curve for each gene. For vanH, this yielded a curve with formula C T ϭ Ϫ3.754 (log copy no.) ϩ 44.071 (R 2 ϭ 0.991), and for vanK, C T ϭ Ϫ3.636 (log copy no.) ϩ 44.538 (R 2 ϭ 0.997). (C T is threshold cycle.) All determinations were performed in triplicate, and the results were analyzed using 7300 System SDS software (version 1.4; Applied Biosystems). Results were normalized to an endogenous control gene, SCO4742, selected from previous microarray data as being constantly and constitutively expressed under the conditions used (31, 32) .
Preparation and HPLC-MS/MS analysis of cell wall peptidoglycan precursors. Cytoplasmic peptidoglycan precursors were prepared based on the method described by Ruzin et al. (33) . Spores were germinated and inoculated into NMMP liquid medium (with vancomycin for the dependent strain H2027). The cultures were grown to mid-log phase and where necessary were exposed to D-lactate (10 mM) for 3 h before harvesting. Cell pellets were washed twice with 0.9% NaCl and extracted with 5% ice-cold trichloroacetic acid at 4°C for 30 min. The extract was desalted using a Sephadex G-25 column (PD-10 columns; Amersham Biosciences) according to the manufacturer's recommendations and then concentrated by rotary evaporation. The samples were resuspended in high-performance liquid chromatography (HPLC)-grade deionized water and analyzed by ion-trap HPLC-tandem mass spectrometry (MS/MS) as described previously (8) .
Construction of the S. coelicolor ⌬ddlA mutant. For PCR-directed replacement of the ddlA (SCO5560) gene with an apramycin-resistance cassette (apr), cosmid St7A1 in E. coli was targeted with a disruption cassette created by PCR using primers ddlA KO F and ddlA KO R and with pIJ773 as the template. The resulting cosmid was verified by PCR and restriction digestion and transferred into S. coelicolor M600 by conjugation. Double-crossover integrants were sought as apramycin-resistant, kanamycin-sensitive colonies from plates also containing 20 g/ml of vancomycin. No apramycin-resistant, kanamycin-sensitive colonies could be obtained from conjugation plates lacking vancomycin, indicating that deletion of ddlA is lethal when van gene expression is not induced, analogous to the ⌬femX mutant (8) . Correct deletion of ddlA was confirmed by PCR using primers ddlA KO Test F and ddlA KO Test R.
Complementation of the ⌬ddlA mutant by constitutive expression of ddlA or vanA under the control of ermEp. To test whether constitutive expression of ddlA or vanA can complement the ddlA mutant, both the ddlA and vanA genes were amplified by PCR and cloned individually into pIJ10257 (8) downstream of the ermE* promoter (ermEp). Primers ndeIddlA F and pacI-ddlA R were used to amplify ddlA from cosmid St7A1, producing the gene flanked by NdeI and PacI restriction sites. vanA flanked by NdeI and BlnI restriction sites was similarly amplified from cosmid StH66 using primers ndeI-vanA F1 and bln-vanA R. Both PCR products were first cloned into Promega's pGEM-T Easy vector system (creating plasmids pHJH5 and pGN15) before being subcloned into pIJ10257 using the NdeI-PacI or NdeI-BlnI restriction sites. The resulting constructs, pGN8 (pIJ10257-ddlA) and pGN17 (pIJ10257-vanA), were verified by sequencing and introduced into the ⌬ddlA mutant background (H2004) by conjugal transformation, selecting exconjugants by hygromycin resistance.
Construction of pMK2: a vancomycin-inducible kanamycin-resistant reporter system. The van gene cluster in S. coelicolor controls four highly conserved VanR-dependent promoter sequences ( Fig. 1 ) known to respond identically following induction by vancomycin (7) . To create pMK2, a conjugative and integrative vector carrying a promoter-gene fusion encoding vancomycin-inducible neomycin/kanamycin resistance, a 0.5-kb DNA fragment containing the tsr (thiostrepton resistance) gene was first excised from plasmid pIJ6902 (34) by digestion with NheI. This was ligated into XbaI-digested pSET152 (27) , producing pMK1. A 1.2-kb DNA fragment containing a vancomycin-inducible promoter sequence (for this work, the vanJ promoter sequence was used) fused with the neo gene, vanJp-neo, was obtained by digestion of pHJH4 with BamHI and BglII, and this was then ligated into pMK1 digested with BamHI. The resulting plasmid, designated pMK2 (see Fig. S1 in the supplemental material), was verified by restriction digest mapping and sequencing and introduced into the appropriate S. coelicolor strains by conjugal transformation. A 50-g/ml concentration of apramycin was used for the selection of pMK2 in E. coli, and 50 g/ml thiostrepton was used for selection in apramycin-resistant S. coelicolor strains. Fig. 1) (7) . Expression of all four transcripts is induced in liquid cultures of S. coelicolor M600 exposed to vancomycin, but the upregulation is known to be transient (7) . Transcription rapidly reaches a maximum level 15 to 30 min after exposure but decreases in strength thereafter, concomitant with the decrease in abundance of PG precursors terminating in D-Ala-D-Ala and increase in D-Ala-D-Lac PG precursors brought about by expression of the van genes (8). To determine whether S. coelicolor VanS is capable of responding to a second dose of vancomycin administered during this period of decline in van transcription, liquid cultures of S. coelicolor M600 were exposed to two successive doses of vancomycin (10 g/ml) spaced 90 min apart. Mycelial samples were taken from the cultures for RNA extraction at regular intervals commencing from the first dose, and vanH transcript abundance was monitored by S1 nuclease protection analysis ( Fig. 2A) . Transcription of the sigE gene, part of a signal transduction system that senses and responds to cell wall stress in S. coelicolor (35) , was also analyzed as a positive control. As expected vanH transcription increased dramatically in the 30 to 60 min immediately following the first dose of vancomycin, but it then began a decline which continued unchecked even after addition of the second dose at 90 min. sigE transcription showed the same trend, indicating that the second dose of vancomycin is not detected by either the VanS or SigE signal transduction systems. To further characterize this lack of response, the experiment was repeated using teicoplanin (50 g/ml) as the initial antibiotic treatment. Teicoplanin is a glycopeptide antibiotic with a very similar structure to vancomycin and also binds to the D-Ala-D-Ala termini of extracellular PG precursors (26) . In contrast to vancomycin, however, it does not inhibit the binding of a vancomycin photoaffinity probe to VanS in vitro (10) , nor does it act as a positive inducer of VanS activity in bioassays (7, 9) . Vancomycin should still therefore be able to access VanS in the presence of teicoplanin, but interaction with D-Ala-D-Ala-containing PG precursor will be inhibited. Strikingly, not only did teicoplanin fail to activate any detectable vanH transcription, it also blocked induction of vanH in response to the subsequent addition of vancomycin (Fig. 2B) . Transcription of sigE was strongly induced by teicoplanin and was also readily detectable at all times following the vancomycin addition, confirming the viability of the cells and the integrity of the RNA samples. Although alternative explanations exist, these experiments suggest that vancomycin may need to be bound to the D-Ala-D-Ala termini of extracellular PG precursors in order to interact productively with VanS since in each case unbound vancomycin present in the second dose was incapable of activating the sensor. To test this hypothesis further, we attempted to construct a strain that cannot synthesize any DAla-D-Ala-containing cell wall PG precursors.
RESULTS

Induction of van
The S. coelicolor ⌬ddlA mutant is dependent on vancomycin for viability but still produces D-Ala-D-Ala-containing cell wall precursors. ddlA (SCO5560) in the S. coelicolor genome is predicted to encode the essential D-Ala-D-Ala ligase enzyme required for PG biosynthesis, a protein homologous to the VanA D-Ala-D-Lac ligase (37% amino acid identity). In a mutational analysis, deletion of ddlA was only possible in the presence of vancomycin, analogous to a previous study analyzing mutation of femX (8) . The S. coelicolor ⌬ddlA strain, like the ⌬femX strain, is only viable when grown in the presence of vancomycin, suggesting that the ddlA gene is essential in the absence of vancomycin but dispensable in its presence (Fig. 3A) . This is consistent with vancomycin-induced vanA expression compensating for the loss of ddlA function. To determine whether vancomycindependent ddlA mutant cells only produce cell wall precursors termi- First, we complemented the ⌬ddlA mutant with S. coelicolor ddlA or vanA genes expressed from the constitutively active but non-vancomycin-dependent ermE* promoter (ermEp). Conjugative and integrative (BT1 attP-int) plasmid DNAs carrying ermEp-ddlA or ermEp-vanA were constructed, and these were introduced into the vancomycin-dependent ⌬ddlA null mutant strain by conjugation (see Table S1 in the supplemental material) (23, 24) . Constitutive expression of both the ddlA and the vanA genes allowed the ⌬ddlA mutant to grow vigorously even in the absence of vancomycin, indicating that both genes complement ddlA (see Fig. S2 in the supplemental material). Analysis of the relative abundance of DAla-D-Ala-containing PG precursors (equivalent to UDP-MurNAc-pentapeptide in Fig. 3B, peak 1 ) and D-Ala-D-Lac-containing PG precursors (equivalent to UDP-MurNAc-pentadepsipeptide in Fig. 3B , peak 2) in these strains indicated that while complementation with ermEp-ddlA (H2009) yielded 100% D-Ala-D-Alacontaining PG precursors, similar to the wild-type strain (H2077), the ermEp-vanA-complemented strain (H2012) produced both D-Ala-D-Ala-containing PG precursors and D-Ala-D-Lac-containing PG precursors in a ratio of ca. 4:1 (Fig. 4A, white bars) . This is markedly different from the ca. 1:9 ratio observed in the vancomycin-dependent ⌬ddlA strain (H2027; necessarily grown in the presence of vancomycin), and this presumably reflects the activity of the other van genes whose expression is coinduced by vanco- Fig. 4A, gray bars) . Interestingly, this also coincided with an increase in the concentration of vancomycin required to produce viability in this strain (see Fig. 3B ) and the D-Ala-D-Lac-containing PG precursor (UDP-MurNAc-pentadepsipeptide, peak 2, as shown in Fig. 3B ) in the wild type (H2077), ⌬ddlA mutant (H2027), and the ⌬ddlA mutant complemented with ermEp-ddlA (H2009) or ermEp-vanA (H2012) when grown in the presence (gray bars) or absence (white bars) of a 10 mM D-Lac supplement. Cells grown to the mid-late exponential phase in NMMP liquid cultures were extracted and analyzed by HPLC-MS/MS. Relative abundances were calculated by normalizing each sample so that the sum of the two UDP-MurNAC derivatives equaled 100. Strain H2027 (⌬ddlA) is viable only in the presence of vancomycin and was therefore grown in NMMP containing 20 g/ml vancomycin, as indicated by "ϩVan." (B) Bioassay for kanamycin resistance induced from the vancomycin-inducible vanJ promoter in the reporter strains. Approximately 10 5 spores were spotted onto agar plates containing 20 g/ml vancomycin, kanamycin at a range of concentrations between 0 and 80 g/ml in 20 g/ml increments, and in the presence (ϩ) or absence (Ϫ) of 10 mM D-Lac. The result was scored after 4 days of incubation at 30°C. (C) Induction of vanH and vanK transcription in ⌬ddlA mutant complemented with ermEp-ddlA (H2009) and ermEp-vanA (H2012) in response to vancomycin, as determined by qRT-PCR. Each strain was grown to the mid-late exponential phase in two different NMMP liquid media, one with 10 mM D-Lac (ϩ) and one without (Ϫ). Samples were then taken immediately before the addition of 10 g/ml vancomycin (Ϫ) and 30 min after treatment (ϩ). Total RNAs were extracted from each sample, and qRT-PCR was carried out as described in Materials and Methods. (Fig. 4B) , and qRT-PCR (Fig. 4C ). pMK2 (see Fig. S1 in the supplemental material) is a conjugative and integrative (C31 attP-int) vector containing a vanJp-neo fusion, which confers resistance to kanamycin in response to induction of the vanJ promoter by vancomycin. van gene expression in the ermEp-ddlA-complemented strain background (H2009) was strongly induced by vancomycin, and the level was independent of the presence of D-Lac supplementation in the medium (Fig. 4C ). This strain exclusively produces D-Ala-D-Ala-containing PG precursors, even in the presence of 10 mM D-Lac (Fig. 4A , white and gray bars on H2009). Induction by vancomycin in the ermEp-vanA-complemented strain background (H2012), however, was significantly reduced compared to that in the ermEp-ddlA-complemented strain (H2009) and even further decreased when D-Lac was present as a supplement (Fig. 4C ). This correlates with observed changes in PG precursor composition where precursors containing D-Ala-DAla comprise just 80% of the total in cells grown in NMMP medium and only 20% in NMMP plus 10 mM D-Lac (see Fig. 4A , white and gray bars on H2012). In the bioassay using the pMK2 reporter strains, vigorous growth of the ermEp-vanA-complemented reporter strain (H361) occurred in the presence of 20 g/ml kanamycin or less, while the ermEp-ddlA complemented reporter strain (H360) grew strongly even with 80 g/ml kanamycin (Fig. 4B ). This suggests that induction by vancomycin is at least ca. 4-fold weaker in the ermEp-vanA-complemented reporter strain (H361) than in the strain complemented with ermEp-ddlA (H361) and is in good agreement with the qRT-PCR results for vanH and vanK transcript abundance in these strains (Fig. 4C) . These data therefore show a correlation between D-Ala-D-Ala terminating PG precursor abundance and the response to vancomycin that is entirely consistent with the proposed model for drug sensing by VanS. Desleucyl vancomycin does not induce van gene expression. Desleucyl vancomycin (Fig. 5A) is a semisynthetic derivative of vancomycin in which the peptide-binding pocket has been modified so that it can no longer bind to the D-Ala-D-Ala termini of extracellular PG precursors (37, 38) . Bioassays using a ⌬femX reporter strain dependent on van gene expression for its viability indicated that desleucyl vancomycin cannot induce the vancomycin resistance system and therefore is not sensed by VanS (Fig. 5B) . The desleucyl derivative failed to stimulate the halo of growth of the ⌬femX strain that was clearly evident around the vancomycin disc. In addition, the large halo of growth inhibition produced by exposure of the ⌬vanRS strain to a disc containing vancomycin was completely absent when a desleucyl vancomycin disc was used, indicating that the D-Ala-D-Ala binding pocket of vancomycin is important not only for the mode of action but also for inducing the vancomycin resistance system (Fig. 5B) . The lack of any transcriptional response to desleucyl vancomycin was confirmed by monitoring the response to each drug of the vanH promoter in its native chromosomal context. The abundance of the vanH transcript was assessed in cells from liquid cultures of S. coelicolor wild-type M600 at 30-min intervals before and after exposure to 10 g/ml of vancomycin or desleucyl vancomycin. The expected induction of vanH transcription in response to vancomycin was readily observable, but the vanH transcript was undetectable in the RNA samples extracted from cultures treated with desleucyl vancomycin (Fig. 5C ). Basal transcription of the sigE control gene was readily detectable in the desleucyl vancomycin samples, verifying the integrity of the RNA.
DISCUSSION
VanR and VanS comprise the response regulator and sensor kinase of a two-component signal transduction system which regulates transcription of the genes responsible for conferring resistance to vancomycin, a glycopeptide antibiotic with important clinical applications. The investigation of vancomycin resistance in bacteria has therefore been the subject of extensive research, particularly using vancomycin-resistant enterococci (VRE) as a model system, but the molecular details of the mechanism of VanS activation have so far remained undefined. Understanding the exact nature of the ligand which directly induces VanS activity is an important goal since it could enable the rational design of novel glycopeptide antibiotic structures that are still clinically active but which cannot be recognized by the VanS sensor. Such compounds would therefore be unable to turn on the existing bacterial resis- (vancomycin-resistant) , ⌬vanRS mutant (vancomycin-sensitive), and ⌬femX (vancomycin-dependent) strains. Paper discs containing 30 g of each drug were placed on freshly spread lawns of each strain, and plates were incubated for 4 days at 30°C. (C) Response of the vanH promoter to vancomycin or desleucyl vancomycin in S. coelicolor M600. Cells were grown to the mid-late exponential phase in NMMP liquid medium and exposed to 10 g/ml vancomycin or 10 g/ml desleucyl vancomycin. Total RNAs were extracted from samples taken immediately before the addition of drug and at subsequent 30-min intervals and analyzed by S1 nuclease protection assays. tance systems, consequently outsmarting glycopeptide resistance in clinical infection.
A new model for sensing vancomycin. Using the VanB-type vancomycin resistance of S. coelicolor as a model system, recent studies have all favored a model in which the VanS sensor kinase is activated by directly binding the antibiotic over the alternative model in which the sensor kinase is activated by binding a cell wall metabolite accumulated as a result of antibiotic action (7) (8) (9) (10) . In this study, we have used in vivo approaches to extensively test the validity of the direct induction theory, and we now propose a revised model in which activation of resistance requires sensing of a complex between vancomycin and the D-Ala-D-Ala termini of extracellular cell wall PG precursors (Fig. 6 ). According to this new model, binding of vancomycin to lipid II or immature PG anchored in the lipid bilayer brings it into the vicinity of the membrane-localized VanS sensor and facilitates perception of the signal required to induce kinase activity in VanS. In contrast, unbound vancomycin is not perceived by the VanS sensor and VanS retains the phosphatase activity of its noninduced state. Importantly, the revised model is also fully consistent with the results of the earlier studies, activation of the resistance system only by antibiotics possessing closely related structures and labeling of VanS by a fluorescent photoaffinity vancomycin probe, which had been interpreted as indicating a simple direct induction (10) .
Technical difficulties associated with working with a membrane-localized sensor protein and lipidated PG ligands have meant that obtaining definitive in vitro data has not yet been possible, but taken together, we believe that the in vivo studies pre- D-Ala-D-Lac-containing PG precursors down to only the minimum required for survival in the prevailing vancomycin concentration detected in the environment (discussed further below). Consistent with these results, preexposure of cells to vancomycin desensitized them to a subsequent dose of the antibiotic such that little or no additional expression of the vanH reporter transcript was produced (Fig. 2A) . While this could also be due to a saturation of the VanS sensor domain by the initial dose of vancomycin, pretreatment with teicoplanin, an antibiotic that binds to D-Ala-D-Ala residues in PG precursors but not to the VanS sensor (10), produced the same result (Fig. 2B) , even in the absence of any reprogramming of cell wall biosynthesis toward synthesis of PG precursors containing the D-Ala-D-Lac termini. (Teicoplanin itself does not activate the resistance system.) Such reprogramming is, however, believed to be integral to the natural behavior of the sensory system, whereby initial exposure to vancomycin triggers a maximal upregulation of van gene expression in the first 15 to 30 min, which results in the synthesis of PG precursors terminating in D-Ala-D-Lac. As the proportion of these begins to increase in the nascent cell wall, the number of D-Ala-D-Ala sites available for vancomycin complex formation starts to decrease, leading to a gradual reduction in the output of the signal transduction pathway (7, 8) . This diminution in the signaling response does not reflect any decrease in the concentration of vancomycin, which persists at high levels in the culture medium for at least 24 h. The proposal that it is a vancomycin-D-Ala-D-Ala PG precursor complex that is sensed rather than the drug itself is supported by the lack of any signaling response when cells are exposed to the desleucyl derivative of vancomycin (Fig. 5) . The two compounds share virtually identical stereochemical structures and would be predicted to present themselves similarly for perception by the sensory domain of VanS. The absence of a leucine residue in the derivative, however, makes complex formation with D-Ala-D-Ala PG precursors impossible (37, 39) , and according to the model, desleucyl vancomycin is as a consequence not sensed at all by VanS. We cannot, however, exclude the formal possibility that VanS senses vancomycin via interaction with its D-Ala-D-Ala binding pocket, but this seems unlikely given the inability of teicoplanin, which possesses an intact binding pocket, to activate the sensor. Fig. 4A ). Attempts to complement a ⌬vanA mutant using ddlA expressed from the constitutive ermEp or vancomycin-inducible van promoters were also unsuccessful, and DdlA therefore appears to possess D-Ala-D-Ala ligase activity exclusively. This is consistent with previous in vitro studies of the ddlA homologue in S. toyocaensis (40) .
Expression of S. coelicolor ddlA is significantly downregulated in response to vancomycin (41) , and the dual ligase activity of the inducible VanA enzyme can therefore help ensure that a proportion of PG precursors terminating in D-Ala-D-Ala are synthesized following vancomycin treatment. As a consequence, PG synthesis never takes place entirely via D-Ala-D-Lac-containing precursors, a possibility that has evidently been selected against during the process of evolution. Indeed, even the predominant production of D-Ala-D-Lac-containing cell wall precursors through constitutive expression of vanHAX comes at a severe fitness cost in bacteria, and this is believed to be why the majority of vancomycin resistance systems are inducible systems (42, 43) . D-Lac is synthesized directly from the key glycolytic intermediate pyruvate, and production of the D-Ala-D-Lac depsipeptide is therefore likely to be energetically significantly more costly than D-Ala-D-Ala synthesis that is derived via isomerization of L-Ala (44) , which can be salvaged from proteolytic pathways. The ester bond present in the D-Ala-D-Lac depsipeptide is inherently more reactive than the DAla-D-Ala amide linkage (due to the higher electronegativity of the O-atom compared to the N-atom) making it more susceptible to degradation by both chemical and enzymatic hydrolysis. In addition, D-Ala-D-Lac-containing cell wall precursors are unlikely to be the optimal substrates for all of the housekeeping enzymes involved in peptidoglycan biosynthesis and cell wall homeostasis. Hesketh et al. (32) showed that vancomycin treatment significantly altered the expression of five genes encoding penicillin-binding proteins (PBPs) in S. coelicolor, suggesting that a different spectrum of enzymes may be required to handle the changes induced in cell wall precursor substrate biosynthesis. For all of these reasons, synthesizing the minimal amount of D-Ala-D-Lac-containing PG precursors required for survival under the prevailing vancomycin concentration would be advantageous. The dual ligase activity of VanA coupled with the proposed complexation model for activating expression of the van resistance genes would help to ensure this is the case. Importantly, the observation that the combined activities of VanHAX always permit the synthesis of some D-Ala-D-Ala-containing PG precursors establishes a feedback loop whereby cells grown in the presence of vancomycin always retain the potential to respond to the drug. As discussed earlier, the extent of this response will, however, be dependent on the size of the D-Ala-D-Ala-containing PG precursor pool present at the time of exposure. Further detailed characterization of the properties and responses of the VanS vancomycin sensor will be dependent on establishing the appropriate in vitro assay systems. Given the small size of the putative extracytoplasmic sensor domain of VanS in actinomycete proteins (ca. 24 to 30 amino acid residues) and the observed importance of the transmembrane helix in signal transmission (41, 45, 46) , this will require overcoming the technical challenges associated with working with fulllength membrane proteins.
